forms. This suggested subunit-specific rules controlling 1993). Each subunit contains a large extracellular and trafficking of AMPA-R. Subsequently, we examined traffour membrane-associated domains showing considerficking of hetero-oligomeric recombinant receptors and able homology among different subunits. In contrast, endogenous receptors and found that they also conform the cytoplasmic carboxyl termini of these subunits are to these rules. either long (e.g., GluR1 and GluR4) or short (e.g., GluR2
. To test the possibility that the synaptic delivery of these recombinant GluR2 receptors is accompanied by synaptic removal of endogenous receptors, we expressed GluR2(R586E)-GFP in pyramidal neurons. This point mutation at the channel pore prevents conductance (poredead mutant, Dingledine et al., 1992). If these receptors are added to synapses without removal of existing receptors, there should be no change in the amplitude of AMPA-R-mediated transmission. However, if these receptors replace existing synaptic receptors, AMPA-R-mediated transmission should decrease. Consistent with the second prediction, AMPA-R-mediated transmission onto cells expressing GluR2(R586E)-GFP was significantly smaller than that onto nearby control uninfected cells (Figure 2A) . In a control experiment, expression of a similar mutant in the GluR1 channel pore region, GluR1(Q582E)-GFP, had no effect on AMPA-R-mediated synaptic transmission ( Figure 2B ). This confirms our previous results (Hayashi et al., 2000; showing that mere expression of homomeric GluR1 receptors is not sufficient for their incorporation into synapses. On the other hand, expression of homomeric GluR2 receptors is sufficient for their incorporation into synapses. Apparently, synaptic delivery of this recombinant receptor is accompanied by removal of some fraction of previously existing synaptic receptors. These two processes are likely not causally linked, as we show below that the delivery of GluR2-containing receptors can be blocked while the removal process continues. to silent synapses, we coexpressed GluR1-GFP and a constitutively active form of CaMKII (GluR1-GFP-IREStCaMKII; Hayashi et al., 2000). In addition to the enhanced synaptic transmission (uninfected: 4.1 Ϯ 0.7 pA; infected: 7.4 Ϯ 1.0 pA; n ϭ 20; p Ͻ 0.005; Hayashi et al., 2000), we also saw a reduction of synaptic failures at hyperpolarized potentials in neurons expressing GluR1-GFP-IRES-tCaMKII, compared to nearby uninfected control neurons ( Figure 2D ). To test specifically if this reduction was due to delivery of homomeric GluR1 receptors to synapses containing no AMPA receptors, we measured failure rates of AMPA-R-mediated responses at depolarized potentials also since homomeric GluR1 recombinant receptors do not conduct at depolarized potentials. Failure rates at depolarized potentials were unchanged ( Figure 2D) To test if such receptors could be driven into synapses, we coexpressed GluR2 mission, while a scrambled control peptide, S10, did not produce such depression ( Figure 5C ). To test for the (R586Q)-GFP, GluR1, and tCaMKII-GFP. In recordings from neurons expressing this combination of recombispecificity of G10/pep2m, we examined its effects on showed the expected inward rectification (n ϭ 5; Figure  6D ). When expressed in neurons, GluR3-GFP could be both significant inward rectification and potentiation ( Figure 6B ). This supports the view that GluR1/GluR2 seen in dendritic spines ( Figure 6E ). However, when examined by whole-cell recording, we found that there hetero-oligomers require activity for their synaptic delivery and, once delivered, they enhance transmission. This was no significant difference in rectification in neurons expressing GluR3-GFP, compared to nearby uninfected delivery did not require GluR2-PDZ domain interactions as neurons coexpressing GluR2(R586Q, ϩ863Y)-GFP, control neurons ( Figure 6F, right) . Even more surprisingly, AMPA-R-mediated transmission onto those neuGluR1, and tCaMKII-GFP also showed both significant inward rectification (untransfected: 0.46 Ϯ 0.03, n ϭ rons was depressed ( Figure 6F, middle) . This suggests that GluR3 homomeric receptors are able to traffic to 16; transfected: 0.24 Ϯ 0.04, n ϭ 15; p Ͻ 0.001) and potentiation (untransfected: 14.8 Ϯ 2.6 pA; transfected:
spines, but cannot be inserted into synapses. Indeed, they appear to block the continuous synaptic delivery 28.5 Ϯ 3.2 pA; n ϭ 18; p Ͻ 0.0005).
We also coexpressed GluR2(R586Q)-GFP and GluR3 of endogenous, presumably GluR2/GluR3 receptors. Taken together, these results indicate that GluR2 in neurons. AMPA-R-mediated responses were clearly inwardly rectified in these neurons ( Figure 6C ). These (R586Q)-GFP/GluR3 hetero-oligomers were formed and delivered to synapses continuously in neurons coexresults suggest that GluR2/GluR3 hetero-oligomers are delivered in a continuous manner to the synapse. To pressing GluR2(R586Q)-GFP and GluR3. test if the change in rectification in neurons cotransfected with GluR2(R586Q)-GFP and GluR3 was due to Discussion existence of homomeric GluR3 receptors, we investigated the synaptic trafficking mechanisms of GluR3.
The molecular and cellular mechanisms that control the synaptic delivery of glutamate receptors are likely to be When expressed in HEK 293 cells, the homomeric recombinant GluR3-GFP receptor was functional and a major site of regulation during plasticity as well as et al., 1998; Song et al., 1998). We show this occurs only in tissue from animals that have GluR2, indicating a We find that one delivery process does not require activity and serves to recycle continuously synaptic respecific effect of G10/pep2m on GluR2-NSF interactions. Interestingly, GluR3, which shares considerable ceptors. This process is mediated by GluR2/GluR3 hetero-oligomers. The other process is activity dependent homology with GluR2 at the cytoplasmic carboxyl terminus ( Figure 1A ) but does differ at this NSF interaction and delivers additional receptors during plasticity. This process is mediated by GluR1/GluR2 hetero-oligomers. site (and does not bind NSF), reaches spines but is not delivered to synapses as a homomeric receptor. The While differences in transmitter-activated kinetics and conductance have been described for different subunits GluR2 carboxyl terminus is sufficient to drive GluR1-GluR2 chimeric receptors to synapses, and overexpres-(Dingledine et al., 1999), our results support the view that a major difference between AMPA-R subunits is sion of the GluR2 carboxyl terminus can prevent endogenous receptors from trafficking to synapses. Together, their contribution to synaptic receptor trafficking dynamics.
these studies provide strong evidence that endogenous 
